Site speci®c recombinases have provided the experimental strategy necessary to modulate the expression of gene products in the mouse embryo. In this study we have exploited Cre recombinase to develop a widely applicable cell marking system which functions ef®ciently even at early post-implantation embryonic stages. Importantly, the techniques and reagents derived in this study are generally applicable to any recombinase driven approach, including strategies to temporally and spatially modulate endogenous or ectopic gene expression in the embryo. The cell marking scheme has two essential components which were derived as separate mouse lines. The ®rst line carries a universal conditional lacZ reporter (UCR) locus which was prepared by using gene targeting in a novel approach to modify a ubiquitously expressed retroviral lacZ promoter trap insertion. The UCR locus is silent until it undergoes a Cre mediated DNA rearrangement to restore lacZ expression. To generate the Cre expressing allele, we outline a¯exible strategy which requires the introduction of a novel IRES-Cre cassette into exon sequence of an endogenous locus by gene targeting. We successfully demonstrate this approach by generating a Cre expressing allele of the EphA2 gene, an Eph receptor protein tyrosine kinase expressed early in development. Analysis of double heterozygote embryos clearly demonstrates that Cre recombinase is expressed in vivo from the EphA2 IRES-Cre allele, and that the conditional reporter locus is ef®ciently restored in EphA2-expressing cells as early as 7.5 dpc. This cell marking experiment establishes the feasibility of expressing Cre recombinase from a single copy allele in the embryo and demonstrates the utility of the conditional reporter mouse which can be used in the analysis of any Cre expressing allele. q
Introduction
The discovery that site speci®c recombinases are functional in cells of higher eukaryotes has provided an important experimental tool that can be exploited in a variety of approaches to study the molecular basis of development in the mammalian embryo (Sauer and Henderson, 1988; 1989; O'Gorman et al., 1991) . Such approaches are binary in that they require expression of Cre recombinase from an activator locus to effect rearrangement at a second target locus which, in turn, modulates expression of this allele (Gu et al., 1993 (Gu et al., , 1994 Jung et al., 1993; Tsien et al., 1996a,b) . This technology provides a generalized approach to temporally and spatially modulate the expression of gene products in the embryo allowing inactivation of endogenous genes in speci®c tissues or ectopic activation of conditionally silent loci. As an initial step towards testing the feasibility of such experiments, we have exploited the recombinase system to develop a widely applicable cell marking system to determine cell fate in the embryo on the basis of gene expression during development. Previous fate mapping experiments have been based entirely on the relative position cells occupy at distinct developmental stages, and thus fail to correlate fate with the activities of speci®c gene products responsible for guiding developmental processes (Tam and Beddington, 1987; Tam, 1989; Lawson et al., 1991; Lawson and Pederson, 1992) . Our in vivo cell marking system affords the opportunity to de®ne cell fates in the embryo solely on the basis of individual gene expression patterns, thus linking cell fate to the underlying molecular basis of development.
The in vivo cell marking system we have developed drives Cre recombinase expression in a gene-speci®c pattern in the embryo. The recombinase then mediates a DNA rearrangement at a conditional reporter locus, initiating lacZ expression in that cell and thereby marking it. Importantly, descendants of this cell inherit the rearranged, and thus active, reporter locus. In this system it is critical that the promoter driving expression of the conditional reporter is ubiquitous since cells carrying an activated reporter locus must have the capacity to express lacZ irrespective of their temporal or spatial position in the embryo, and irrespective of their subsequent developmental fate. This requirement is satis®ed by a promoter identi®ed in a retroviral promoter trap mouse line, BT-5, generated in this laboratory. BT-5 animals carry a single-copy insertion of the ROSA b-Geo promoter trap sequence (Friedrich and Soriano, 1991) which confers ubiquitous expression of bgalactosidase throughout embryogenesis. We have identi®ed the gene carrying the retroviral insertion at the BT-5 locus and used homologous recombination to modify it for use as a universal conditional reporter (UCR) locus. This was achieved by introducing a loxP¯anked drug selection cassette into the lacZ coding sequence. While this insertion prevents expression of lacZ, excision of the loxP¯anked cassette by Cre recombinase re-establishes the continuity of the lacZ coding sequence, restoring lacZ expression from the BT-5 promoter.
To generate the Cre expressing allele, we outline a strategy which introduces the Cre recombinase coding sequence into endogenous genes by homologous recombination. Rather than inserting the Cre coding sequence in-frame within the endogenous locus, we have developed a morē exible strategy using a novel internal ribosomal entry site (IRES) Cre recombinase cassette which permits expression of Cre from any targeted exon insertion. To test the cell marking system, we have used the IRES-Cre cassette to express Cre recombinase under control of the endogenous regulatory elements of the EphA2 gene, a member of the Eph family of receptor tyrosine kinases formerly referred to as eck (Ganju et al., 1994; Ruiz and Robertson, 1994; Chen et al., 1996) . At least 14 members of the Eph family have been identi®ed to date, along with a growing number of ligands referred to as Ephrins (Eph Nomenclature Committee, 1997). Signal transduction by Eph receptors requires activation by a membrane bound form of ligand (Davis et al., 1994) , and is entirely consistent with a cell contact dependent mechanism of axon guidance and path®nding shown to be mediated by certain Eph family members Drescher et al., 1995; . In a different context, the reciprocal rhombomere speci®c expression of several Eph receptors, including EphA2, and their respective ligands in the developing hindbrain implicates these molecules in conferring contactdependent cell surface characteristics responsible for both establishing and maintaining rhombomere boundaries (Nieto et al., 1992; Becker et al., 1994; Henkemeyer et al., 1994; Bergemann et al., 1995; Xu et al., 1995; Flenniken et al., 1996; Gale et al., 1996) . In addition to hindbrain expression, EphA2 is expressed in the egg cylinder prior to and during gastrulation and also in the limb bud at later stages (Ganju et al., 1994; Ruiz and Robertson, 1994; Chen et al., 1996) . The temporally and spatially restricted expression of EphA2, along with preliminary experiments demonstrating that the EphA2 locus is highly amenable to targeting, prompted us to use the EphA2 locus in pilot experiments to determine the sensitivity of our cell marking system in the context of the early embryo.
Our analysis of embryos heterozygous for both the Cre expressing and UCR alleles clearly demonstrates that Cre recombinase is ef®ciently expressed in vivo from the IRES Fig. 1 . Characterization of the BT-5 mouse strain. (A) Schematic of G3BP gene showing the retroviral promoter trap insertion site. The insertion occurred immediately after amino acid 181 of the G3BP protein (Genbank accession U65313). Shaded boxes represent structural motifs associated with RNA binding proteins. SA, splice acceptor; LTR, long terminal repeat. LacZ expression pattern in BT-5/1 embryos at 7.5 dpc (B), and 10.5 dpc (C). Sagittal section of 7.5 dpc embryo (D). Sagittal section of a 10.5 dpc embryo (E). Fig. 2 . Targeting experiment to derive the conditional reporter lacZ allele at the site of the BT-5 retroviral insertion. (A) Schematic representation of (1) the genomic BT-5 retroviral insertion, (2) the BT-5 targeting vector, (3) the corresponding wildtype locus lacking the insertion, (4) the modi®ed conditional reporter allele, (5) and the conditional reporter allele following Cre-mediated excision of the Hygro cassette. (Nc) NcoI; (N) NotI; (S) SacI; (X) XhoI; (X/Sl) XhoI-SalI fusion (sites lost) restriction sites. The NotI site is derived from the phage clone and is used to linearize the vector. (B) Southern blot analysis of Hygromycin resistant clones resulting from transfection of CCE ES cells with the BT-5 targeting vector. Genomic DNA was digested with SacI and hybridized with probe I. The 9.0 kb fragment derived from the wild-type locus and the 7.5 kb fragment derived from the targeted locus are indicated. Note the consistent non-molar ratio between the wildtype and targeted signals. (C) Representative Southern blot analysis of offspring (n 26) resulting from a heterozygous BT-5 intercross. Tail Genomic DNA analyzed exactly as described in (B). The asterisks indicate 2 of 6 animals which have hybridizing fragments of equal intensity; all such males (n 3) transmitted the locus to 100% of progeny in a wildtype intercross, and were therefore homozygous for the retroviral insertion. (D,E) Testing of targeted cell lines for conditional reporter activation: A representative targeted UCR ES cell line was mock-transfected (D) and transfected with 20 mg pMC13-Cre (E), partially selected in G418 (200 mg/ml) and then stained for LacZ activity. Cre transfection restores lacZ activity and resistance to G418. Duplicate plates from this experiment were subjected to Southern blot analysis to con®rm the expected DNA rearrangement (F). DNA from two such experiments was digested with NcoI and hybridized to probe II. The 3.5 kb fragment resulting from excision of the Hygro cassette and 5.0 kb fragment from the unrearranged locus are indicated. The small hybridizing fragment in each lane is a result of the probe spanning the NcoI site.
allele, and that the UCR locus is restored in EphA2-expressing cells from early stages onward. As anticipated, cell descendants inheriting the restored locus continue to express lacZ irrespective of EphA2 expression or subsequent developmental fate of the marked cell. These experiments clearly establish the feasibility of a recombinase driven experimental approach in the context of the early embryo and, furthermore, demonstrate that the sensitivity of the system is suf®cient to permit the use of a single copy IRES-Cre targeted activator allele. The¯exibility afforded by IRES-Cre targeting should greatly simplify the production of Cre activator alleles in future experiments. In addition, the UCR allele functions as anticipated and will be an important reagent to rigorously test and de®ne expression of new Cre activator lines.
Results

Preparation of the universal conditional reporter mouse line
The BT-5 mouse line was generated by infection of ES cells with the ROSA b-geo retroviral promoter trap vector (Friedrich and Soriano, 1991 ; V. Episkopou and E.J.R. unpublished data). The gene disrupted in the BT-5 line was identi®ed by cloning sequences¯anking the insertion site using 5' RACE. The insertion occurred in a gene called G3BP which encodes a protein known to bind to the SH3 domain of the ras-GTPase-activating protein (GAP 120 ; Kennedy et al., 1996 and Fig. 1A) . Recent data suggests that G3BP can initiate mRNA degradation and therefore may represent a link between ras-GAP-mediated signaling pathways and RNA turnover (Gallouzi et al., 1998) . Intercrosses between BT-5 heterozygotes reveal that animals homozygous for the insertion are viable and fertile indicating that the activity of G3BP is not essential for normal development.
In agreement with transcript analysis of G3BP (Kennedy et al., 1996) , the bgal reporter in BT-5 mice is expressed in a strong and ubiquitous manner from gastrulation to organogenesis (Fig. 1B±E ). Weak lacZ expression was noted in the primitive endoderm of the 7.5 dpc embryo ( Fig. 1D ) and in the loose mesenchyme ventral to the neural tube at 10.5 dpc (Fig. 1E) ; this appearance may be due in part to the low cell density in these tissues.
A bacteriophage genomic library was prepared from BT-5/1 DNA and screened using retroviral sequence as a probe to isolate restriction fragments spanning the retroviral insertion. A 3.5 kb NotI-XhoI fragment and 6.5 kb XhoI fragment contain the host gene-retroviral LTR upstream and downstream junction fragments, respectively, and were used to prepare the targeting vector (Fig. 2) . Homologous recombination of this targeting vector into the corresponding wildtype locus in CCE ES cells recreates all aspects of the original BT-5 retroviral insertion except that the b-Geo coding sequence is interrupted, and therefore inactivated, by insertion of a loxP-¯anked PGK-Hygromycin resistance gene cassette (PGK-Hygro) at its 5 H end (Mortensen et al., 1991) . The PGK-Hygro cassette lies in reverse transcriptional orientation relative to the lacZ coding sequence to prevent inadvertent transcription of b-Geo from the PGK promoter. LacZ activity is restored by a Cre-mediated rearrangement to remove the PGK-Hygro cassette, leaving a loxP site immediately downstream from the b-Geo start codon. The position of the loxP sites must therefore preserve the b-Geo reading frame once excision of the PGK-Hygro cassette has occurred.
Hygromycin-resistant clones resulting from transfection of CCE ES cells with the targeting vector were screened by Southern blot hybridization using an external probe to identify a SacI polymorphism ( Fig. 2A) . Analysis of 300 clones revealed 22 targeting events (Fig. 2B ). To determine if bgalactosidase activity can be restored in the targeted cell lines, twelve clones were individually expanded and transfected with the Cre expression plasmid, pMC13-Cre (Gu et al., 1993) followed by partial selection in G418. Control cultures of mock-transfected cells were clearly dying in the presence of G418 and failed to express b-galactosidase (Fig. 2D) . Eight of the pMC13-Cre transfected cell lines, in contrast, were surviving in G418 and strongly expressed bgalactosidase, indicating that the activity of b-Geo has been ef®ciently restored by Cre recombinase in vitro (Fig. 2E ). This result was veri®ed by Southern blot analysis using an NcoI digest to detect the Cre recombinase-mediated excision event (Fig. 2F ). Thus, in ES cells, b-Geo expression from the unrearranged conditional reporter locus is completely abolished, failing even to permit survival of cells in G418. Activation by Cre recombinase, however, leads to robust expression of lacZ, indicating that the remaining loxP site does not detectably diminish expression levels of bGeo in vitro.
Three targeted cell lines (CBT-B2, CBT-B4, CBT-C5) were used to generate germ line chieras, allowing the establishment of three separately derived conditional reporter mouse lines. One line (CBT-B2) was used in all subsequent experiments described below and is referred to as the universal conditional reporter (UCR1) mouse line.
Interestingly, Southern blot analysis from this targeting experiment consistently revealed a non-molar, less intense signal corresponding to the targeted allele as compared to the wildtype allele (Fig. 2B) , suggesting that the copy number of the host gene in which the BT-5 retroviral insertion resides may be greater than one/haploid genome. To further examine this possibility, 26 progeny obtained from a BT-5 heterozygous intercross were genotyped by the same Southern blot analysis (Fig. 2C) . Three animals carried only the wildtype allele (lanes 1 and 6, Fig. 2C ). The remainder carried both wildtype and BT-5 promoter trap alleles, 5 of these had equally intense hybridizing bands (lanes 2 and 3) while the other 18 had notably more intense wildtype signals (lanes 4 and 5). Test breeding experiments con®rmed that animals with equivalent molar ratios were indeed homozygous for the BT-5 retroviral insertion. Collectively, this indicates that the copy number of the trapped locus is two/haploid genome. This ®nding may well explain the viability of BT-5 homozygotes. Extensive efforts to identify a restriction fragment length polymorphism to distinguish duplicated genes were unsuccessful.
An IRES-Cre cassette ef®ciently expresses Cre recombinase
The IRES sequence used in this study is derived from the EMCV virus (Jang et al., 1988; 1989; Jang and Wimmer, 1990; Ghattas et al., 1991) and was kindly provided by Austin Smith (Mountford et al., 1994) . The translational ef®ciency of a coding sequence linked to an IRES element is sensitive to the spacing between the 3 H end of the IRES and the start codon (Pilipenko et al., 1992) . We therefore tested three IRES-Cre cassettes which differed only in the spacing between the IRES element and Cre coding sequence to determine the most ef®cient arrangement (Fig. 3A) . IRES-Cre1 contains an IRES-ATG junction identical in sequence and spacing to that found in the native EMCV virus. IRES-Cre2 was made by fusion of convenient restriction sites to link the IRES and Cre sequence elements.
Although this cassette has a Kozak consensus sequence, the start codon is considerably further from the IRES than is considered optimal. IRES-Cre3 has a junction identical to that found in IRES-b-Geo (Mountford et al., 1994) . Each IRES-Cre cassette was incorporated into a PGK-Neo-IRESCre pA plasmid which expresses a dicistronic transcript. An ES cell line carrying the conditional reporter allele was then transiently transfected with each construct to test for IRES mediated Cre activation of the target locus (Fig. 3B) . The IRES-Cre2 cassette had both substantially more activity than the other two cassettes, and possessed a surprisingly high overall level of expression, approaching 30±40% of that observed with the strongly expressed plasmid, pMC13-Cre in this cell line. This cassette was used in all subsequent experiments and is referred to simply as IRESCre.
Initial mapping studies of the EphA2 gene indicate that the genomic locus spans several phage clones and is therefore large. One phage clone characterized in detail contains a single exon corresponding to nucleotides 1076±1395 of the EphA2 cDNA, which is¯anked by intron sequence on either side ( Fig. 4A ; J.C. Ruiz). A`positive-negative' targeting strategy was used previously to disrupt the EphA2 gene by inserting the PMC1Neo cassette into this exon (J.C. Ruiz, A. Dudley, S.K.M. and E.J.R., unpublished data). Since IRES-driven cassettes require placement within exon sequence for expression, we used this targeting strategy to insert IRES cassettes into the EphA2 locus.
2.
3. An IRES b -Geo allele of EphA2 expresses lacZ in an EphA2-speci®c pattern To con®rm that an IRES sequence placed in this exon is both functional and is expressed in a pattern faithful to EphA2-speci®c regulatory elements, a targeting vector containing IRES-b-Geo (Eph-IRES-Geo) was ®rst prepared (Fig. 4A) . From a single transfection experiment, a total of 23 G418 resistant clones were recovered, 19 of which were correctly targeted (Fig. 4B) . The high targeting ef®ciency (82%) re¯ects the`promoterless' nature of the targeting vector, random insertions of which rarely place the IRES cassette into transcriptionally active genomic locations necessary for its expression.
Expression of the IRES-Geo allele in vivo was assessed in chimeric embryos generated by microinjection of targeted cell lines into wildtype blastocysts. Robust lacZ expression in 9.0 and 10.0 day chimeric embryos (Fig. 5E,H) is evident rostrally at the level of the otic vesicle and caudally in the tail of the embryo. The expression pattern of the Eph-IRESb-Geo reporter allele at 9.0-10.0 dpc is in excellent agreement with both RNA whole mount in situ hybridization experiments (Ruiz and Robertson, 1994) and immunohistochemical staining using EphA2 speci®c antisera (Ganju et al., 1994) which demonstrate expression in the fourth rhombomere and adjacent structures, as well as the regressing caudal neuropore at the slightly earlier embryonic stages analyzed in these studies. In addition, a LacZ gene trap retroviral insertion into the EphA2 gene has a similar expression pattern at these stages, although the IRES-b-Geo targeted allele expresses lacZ much more robustly than the corresponding promoter trap insertion.
Whole mount views of lacZ stained embryos at 6.75 and 7.75 dpc show expression of Eph-IRES-b-Geo allele throughout the embryonic region at both stages (Fig. 5A) . LacZ expression is present throughout the embryonic ectoderm but is clearly strongest on the posterior side in the area of the primitive streak (Fig. 5B,C,D) . In the later stage 7.75 day embryo, anterior ectodermal expression diminishes further but persists in posterior ectoderm adjacent to the primitive streak; anterior-posterior distinction is particularly evident in a less strongly chimeric embryo (Fig. 5D ). In addition, lacZ expression is detected at this stage in newly formed mesoderm and de®nitive endoderm (Fig. 5B,D) . Although RNA in situ hybridization experiments at these stages suggest a more localized distribution of transcript to the posterior side of the embryo (Ruiz and Robertson, 1994) , immunohistochemical analysis clearly reveals a substantially more widespread distribution of EphA2 protein to include anterior tissues Fig. 3A,B) which is entirely consistent with the lacZ expression pattern of the IRES-b-Geo allele. The difference between RNA whole mount analysis and lacZ expression of the reporter allele is most likely explained by perdurance of lacZ protein and the increased sensitivity the latter technique frequently affords. A reporter allele for the nodal gene, for example, revealed posterior epiblast expression not previously evident on RNA whole mount analysis (Collignon et al., 1996) . Collectively, the results from this chimera analysis of the IRES-b-Geo reporter allele endorse previously characterized domains of EphA2 expression. These chimera experiments, however, suggested that expression of Cre protein from a corresponding IRES-Cre targeted allele might be more widespread in the early gastrulation stage embryo than previously suggested by RNA whole mount analysis.
IRES-Cre is functional in vitro when inserted into the EphA2 locus
Next we adapted the targeting vector to introduce the IRES-Cre cassette into the EphA2 gene in CCE ES cells (Fig. 4) . A PGK-Hygromycin resistance gene¯anked by FRT sites was linked to the 3 H end of IRES-Cre (IRESCre-FRT-Hygro cassette) to provide a means of selection. The FRT sites allow for subsequent removal of the PGKHygro component by FLP recombinase following targeting, if necessary. Two targeting vectors were prepared usinḡ anking sequences exactly as described for Eph -IRESGeo; the ®rst construct incorporates the IRES-Cre cassette alone (Eph-IRES-Cre, Fig. 4A ) and the second contains the IRES-Cre-FRT-Hygro cassette (Eph-IRES-Cre-FRTHygro, Fig. 4A ). To test if targeted alleles resulting from either vector are capable of expressing Cre recombinase, the targeting experiments were ®rst performed in an ES cell line carrying the conditional reporter locus. Following transfection, cultures were grown in G418 to identify clones in which Cre-mediated activation of the conditional reporter locus had occurred. Since EphA2 is expressed in ES cells, targeting of this locus should result in IRES mediated expression of Cre recombinase, followed by activation of the conditional reporter locus in some proportion of targeted cells. Similar numbers of G418 resistant clones were identi®ed for each vector while mock-transfected cultures yielded no clones. Southern blotting demonstrated that 8 of 9 clones were correctly targeted at the EphA2 locus (Fig. 4C) , indicating that the IRES-Cre cassette is functional to the same degree in both cassettes.
To obtain targeted cell lines capable of germline transmission, CCE ES cells were transfected with linearized Eph-IRES-Cre-FRT-Hygro targeting construct. Analysis of 288 Hygromycin resistant clones revealed 14 correctly targeted lines (Fig. 4D, 5% targeting frequency) . One of these clones yielded chimeras capable of germline transmission and was used to establish the mouse line carrying the Eph-IRES-Cre-FRT-Hygro allele. This strain is subsequently referred to as the Eph-IRES-Cre mouse line.
To perform the cell marking experiment, embryos carrying both the conditional reporter-and Eph-IRES-Cre loci were generated from an intercross of males heterozygous for the conditional reporter (UCR1) allele and females heterozygous for the Eph-IRES-Cre allele. Embryos recovered at 9.5 dpc were analyzed for LacZ activity and genotyped by Southern blot hybridization of yolk sac DNA. A Hygromycin sequence probe was used to identify HindIII restriction fragments of 4.4 kb and 2 kb arising from the Eph-IRES-Cre and conditional reporter loci, respectively (Fig. 6A) . Six of twelve embryos were double heterozygotes, and they all clearly contained cells expressing b-galactosidase. The remaining embryos had no detectable LacZ activity, including 2 embryos which carried the conditional reporter alone. This result clearly demonstrates that the conditional reporter allele is functional in the context of the embryo, and that the unrearranged locus is completely silent in vivo until activated by Cre recombinase.
Representative LacZ stained double heterozygote embryos at 7.5, 8.5, 9.5, 10.5 and 12.5 dpc are shown in Fig. 6B±L . Clearly, embryos at all stages examined contain a high proportion of cells which express b-galactosidase. Abundant lacZ expression is already evident throughout the embryonic region by 7.5 days, the earliest stage examined. Histological analysis (sagittal section, Fig. 6C) shows that in the embryonic region, cells of the ectoderm, mesoderm and de®nitive endoderm all contain an activated conditional reporter allele. In addition to embryonic region expression, there is abundant lacZ activity in the chorion which is consistent with the immunohistochemical staining pattern using EphA2 antiserum at gastrulation stages (Ganju et al., 1994 ; Fig. 3B ). The absence of expression in this region of the Eph -IRES-Geo chimeras (Fig. 5A) is not unexpected since ES cells injected into blastocysts do not populate the chorion (Beddington and Robertson, 1989) . Also, RNA whole mount analysis excluded extraembryonic components (Ruiz and Robertson, 1994) . Extensive reporter activation by 7.5 dpc is entirely consistent with widespread expression of Cre recombinase predicted from the corresponding lacZ expression pattern of the Eph -IRES-b-Geo allele; however, we cannot exclude the possibility that activation is also occurring in the pre-implantation embryo . Embryos at 8.5, 9.5, 10.5 and 12.5 days (Fig. 6D ,E,I,J) are also extensively mosaic for lacZ(1) cells, as would be predicted from the conditional reporter activation observed by 7.5 dpc. An increased proportion of marked cells is evident in the caudal region of the embryo from 8.5 dpc onwards and presumably re¯ects maintained expression of Cre recombinase in the node, notochordal and neural plates as these structures regress caudally. Also apparent at 10.5 dpc is the high proportion of lacZ(1) cells throughout the developing limb buds (Fig. 6J,K) . The EphA2 receptor is localized to the distal mesenchyme as the limb buds elongate (Ganju et al., 1994; Gale et al., 1996) . Histological analysis of the 9.5 day embryo reveals an area of more extensive conditional reporter activation superimposed on the mosaic pattern in the second branchial arch (BA2, Fig.  6F ). Virtually all cells in BA2 are lacZ(1) (Fig. 6F,G,H) , while the adjacent ®rst arch (BA1) at this stage contains fewer lacZ(1) cells (Fig. 6F,H) . Analysis of the hindbrain also reveals extensive reporter activation in the fourth rhombomere (r4: Fig. 6G ). In addition, a discrete cluster of cells (Fig. 6H ) adjacent to r4, rostral to the otic vesicle and in continuity with BA2, is also strongly lacZ(1). This structure is the early facio-accoustic (VII-VIII) cranial nerve nucleus. The cells marked in this cranial nerve nucleus and BA2 are neural crest in origin and have been shown to arise from the fourth rhombomere (for review see Lumsden et al., 1991; Kontges and Lumsden, 1996) . The pattern of conditional reporter activation in r4 is entirely consistent with the known expression of EphA2 in this segment (Ruiz and Robertson, 1994) . Although lacZ expression in neural crest cells most likely re¯ects conditional reporter activation in multipotential neural crest progenitors in r4 prior to their leaving the dorsal neural tube, the possibility also exists that activation is occurring in migrating crest cells, since expression of EphA2 is ongoing in BA2 as well as r4 (Ruiz and Robertson, 1994 ; Fig. 6F,I ). Extensive reporter activation is also consistently observed in adjacent branchial pouches and the rostral third branchial arch (BA3, Fig. 6F,G) ; this may either represent mixing of r4 derived crest with cells from an adjacent rhombomeric compartment, or instead re¯ect a distinct r4 contribution to rostral BA3. On immunohistochemical analysis, the cells of rostral BA3 also clearly express EphA2 protein, suggesting a functional continuity with BA2 . In the hindbrain, cells that have expressed the EphA2 receptor become highly spatially restricted to r4. In addition, neural crest arising from this rhombomere segment is also clearly demarcated.
Receptor expression thus appears to commit cells to the r4 compartment.
Discussion
In this study we have successfully developed a strategy to de®ne cell fate in the embryo solely on the basis of individual gene expression patterns using the Cre recombinaseloxP enzyme system. The two necessary components of this system were derived as separate mouse lines. The ®rst line carries a conditional lacZ reporter allele generated by modi®cation of a retroviral promoter trap insertion expressed ubiquitously in the early mouse embryo. This universal conditional reporter (UCR) mouse is suitable for analysis of any allele which expresses Cre recombinase to either generate a molecular fate map or to rigorously analyze the precise Cre recombinase expression pattern for the allele in question. The second line derived here ef®ciently expresses Cre recombinase from the endogenous EphA2 locus using a novel IRES-Cre cassette. Analysis of embryos carrying both the UCR1 and Eph-IRES-Cre alleles clearly demonstrates widespread activation of the conditional reporter by 7.5 dpc, consistent with widespread EphA2 expression in the egg cylinder at earlier stages. Despite this, later expression of EphA2 in the developing hindbrain and limb is clearly evident by a superimposed pattern of highly ef®cient reporter activation in these areas, allowing further analysis at subsequent stages. These experiments clearly establish the sensitivity and ef®ciency of this Cre recombinase driven cell marking system in the context of the early mouse embryo.
A single copy IRES-Cre cassette results in ef®cient expression of Cre recombinase from the endogenous EphA2 locus
The feasibility of the cell marking system described in these experiments, and indeed of any application of Cre recombinase in a living system, is entirely dependent on Cre recombinase having suf®cient activity in the context of the experiment to ef®ciently accomplish the required DNA rearrangement. Although maximum yield of Cre protein in a cell is most likely to result from a highly repeated transgene in which expression of Cre recombinase is directed by de®ned promoter and enhancer elements of the gene in question, the absence of well de®ned transcriptional elements for most genes limits the widespread usefulness of this approach. An important goal at the outset of these experiments, therefore, was to develop a more widely applicable approach using gene targeting to express Cre recombinase in a gene-speci®c pattern. Rather than relying on a strategy that invariably depends on insertion of the Cre coding sequence immediately downstream from the endogenous promoter, we have developed an IRES-Cre cassette which signi®cantly increases the¯exibility of targeting construct design. The IRES sequence element encodes an RNA motif that allows cap independent ribosome binding and the initiation of translation of sequence 3 H to the IRES. This approach requires the IRES driven cassette to be part of a mature fusion transcript initiated from the endogenous gene promoter so that the IRES can independently direct translation of the linked coding sequence. Thus, any targeting strategy incorporating an IRES approach requires insertion of the cassette into exon sequence so that it is retained in the mature, processed RNA transcript (Mountford et al., 1994) . Notably, detailed characterization of the 5 H end of the gene in question is not a necessary prerequisite. The¯ex-ibility afforded by an IRES strategy would therefore allow ready adaptation to any targeting scheme previously used to generate a null allele by insertion of a drug selection cassette into exon sequence, a strategy in common use to generate such mutations. In this circumstance, insertion of the IRES driven cassette into the targeting vector at the same place as the drug selection cassette should result in IRES mediated expression from the modi®ed allele. Since this strategy also generates a null mutation for the allele in question, the Cre expressing locus can be used straightforwardly to analyze the consequence of the null mutant background on cell fate.
The universal conditional reporter (UCR) mouse is functional, particularly for early embryo analysis
Fate mapping using this binary system is critically dependent on the capacity of the conditional reporter allele to express lacZ irrespective of either the cell type in which activation occurs or the subsequent developmental fate of the marked cell. The novel approach undertaken in this study makes use of a ubiquitously active promoter`trapped' by the ROSA b-Geo retroviral insertion, expression of which has proved stable for in excess of 20 generations of breeding and, moreover, is homozygous viable. The conditional reporter allele generated in this study precisely duplicates in all respects the BT-5 retroviral insertion, except for the addition of the loxP¯anked drug selection cassette. Since the activated form of the reporter differs from the retroviral insertion only by the presence of a 34 nucleotide loxP site, the expectation at the outset of these experiments was that the active reporter allele would retain a capacity for expression identical in all respects to the BT-5 locus. The results shown here con®rm this expectation, histological analysis of 12.5 dpc double heterozygote embryos shows that lacZ(1) mosaicism is present in tissue types at that stage, indicating that the active reporter retains the capacity for ubiquitous expression. Recently, this result has been con®rmed by generating males heterozygous for both a Protamine-Cre (Pro-Cre) transgene (O'Gorman et al., 1998) and the conditional reporter locus. The conditional reporter locus is ef®ciently activated by Pro-Cre in the germ cells of these animals and embryos inheriting the activated allele exhibit a lacZ staining pattern indistinguishable from an equivalent stage BT-5 embryo (data not shown). Equally important for cell fate mapping is that the unrearranged reporter locus does not express lacZ; indeed, embryos with an unrearranged locus do not express lacZ and are indistinguishable from wildtype littermates, even when subjected to prolonged incubation in the X-gal reagent.
3.3. ES cells carrying the conditional reporter allele can be used to modify endogenous loci with targeting vectors that lack drug selection cassettes An additional strategy that avoids the use of drug selection cassettes and their attendant problems to generate Cre expressing alleles of endogenous gene loci is also successfully demonstrated in this study. A targeting vector for EphA2 containing the IRES-Cre cassette alone was used to modify the EphA2 locus in ES cells carrying the conditional reporter allele. This targeting vector cannot transiently express Cre since it entirely lacks promoter sequence. This experiment depends ®rst on correct targeting at the EphA2 locus to initiate expression of Cre recombinase, followed subsequently by activation of the conditional reporter locus to render the targeted cell resistant to neomycin. Many of the neomycin resistant clones resulting from this experiment were correctly targeted at the EphA2 locus, and by de®nition, were functional in their capacity for expression of Cre. An important requirement of this approach is that the targeted gene be expressed in ES cells since expression of the Cre allele is necessary for activation of the conditional reporter. Although resulting chimeras will transmit both the Cre expressing and activated conditional reporter allele, each allele should independently segregate in the ®rst generation to derive animals carrying the Cre allele alone. In addition to allowing the generation of an IRES-Cre allele uncomplicated by neighboring drug selection cassettes, the`promoterless' nature of this approach powerfully enriches the targeting experiment for the correct targeting event, greatly simplifying recovery of targeted, functional clones. initiated in G418 (200 mg/ml). LacZ expression was assessed 3±5 days later by ®xing in 0.5% glutaraldehyde in PBS for 5±10 min, washing three times in PBS and incubating in X-gal reagent described below but omitting NP-40 and deoxycholate. This protocol was used for staining all ES cells in this study.
Embryo analysis
Animals were sacri®ced by halothane inhalation. Embryos were dissected free of maternal tissues, the Reichert's membrane re¯ected and ®xed 30 to 90 min in 0.5% glutaraldehyde, 1% formaldehyde, 2 mM MgCl 2, 5 mM EGTA in PBS at 48. Embryos were washed three times in PBS, 0.02% NP40 and incubated 12±48 h at 378C in X-gal reagent (5 mM each of K-ferricyanate and K-ferrocyanate, 2 mM MgCl 2 , 0.02% NP40, 0.01% deoxycholate and 0.5±1.0 mg/ml X-gal in PBS). Embryos were washed in PBS and post-®xed in 0.5% glutaraldehyde, 1% formaldehyde in PBS, and photographed in 80% glycerol. For histology, embryos were dehydrated in a graded ethanol series, cleared in xylenes and embedded in paraf®n wax. Eight mm sections were dewaxed in xylenes, mounted in cytoseal and photographed using Nomarski optics.
